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Keratinocytes play an important role in skin irritation.
In an attempt to investigate mechanistic bases of human
skin irritation response, we recently identi¢ed the upre-
gulation by skin irritants of adipose di¡erentiation re-
lated protein (ADRP) in reconstituted human
epidermis. ADRP is a lipid-storage-droplet-associated
protein, governing deposition and release of lipids from
droplets. The purpose of this study was to characterize,
in a human keratinocyte cell line (NCTC 2544), so-
dium-dodecyl-sulfate-induced ADRP expression, to
identify the biochemical events that lead to ADRP ex-
pression, and to understand its function in sodium do-
decyl sulfate cytotoxicity. Sodium dodecyl sulfate
induced a concentration- and time-related produc-
tion of ADRP that was associated with lipid droplet
accumulation. Lipid accumulation following sodium
dodecyl sulfate treatment was due to intracellular
redistribution rather than lipid neosynthesis, as indi-
cated by equivalent 14C-oleate and 14C-acetate incor-
porations. Other skin irritants, namely benzalkonium
chloride, tributyltin, and 12-O-tetradecanoylphorbol
13-acetate, also induce lipid droplet accumulation. So-
dium-dodecyl-sulfate-induced ADRP expression and
lipid droplet accumulation were modulated by the cal-
cium chelator BAPTA, indicating a role of calcium in
ADRP induction. Decrease of sodium-dodecyl-sulfate-
induced ADRP expression by speci¢c ADRP antisense
oligonucleotide resulted in increased cytotoxicity, indi-
cating a protective role of ADRP and lipid accumula-
tion in the process of cell damage induced by skin
irritants. ADRP expression was also induced in vivo fol-
lowing treatment with sodium dodecyl sulfate in an ex-
perimental model of skin irritation, indicating that the
in vitro model represents irritation. Key words: cytotoxi-
city/keratinocytes/lipid droplets/skin irritation/triacylglycer-
ol. J Invest Dermatol 121:337 ^344, 2003
T
opical exposure to chemical stimuli may result in
contact dermatitis. Skin irritancy, from both a clini-
cal and a mechanistic perspective, is a multifaceted
disease. The biochemical mechanisms activated in
contact dermatitis are complex and not fully under-
stood, and involve resident epidermal cells and ¢broblasts of der-
mis, as well as invading leukocytes, each interacting under the
control of a network of cytokines and lipid mediators (Boss and
Kapsenberg, 1993; Corsini and Galli, 1998; 2000). In addition to
destroying tissue cells directly, chemicals can alter cell functions
and/or trigger the release, formation, or activation of autacoids,
such as histamine, arachidonic acid metabolites, kinins, comple-
ment, and cytokines (Berardesca and Distante, 1994). In the last
two decades, it has become clear that keratinocytes, which repre-
sent 95% of epidermal cells, play an important role in initiating
and maintaining skin in£ammatory and immunologic reactions
(Mckenzie and Sauder, 1990; Corsini and Galli, 1998; 2000).
Using genomic techniques, namely di¡erential display PCR, as
a tool for the identi¢cation and investigation of biochemical
events triggered in the process of skin irritation, we have recently
identi¢ed upregulation of adipose di¡erentiation related protein
(ADRP) in human keratinocytes by skin irritants (Corsini et al,
2002). ADRP, the human homolog of which has been termed
adipophilin, is a 53 kDa protein initially cloned from a di¡eren-
tiated murine adipocyte cDNA library (Jiang and Serrero, 1992).
ADRP was then found to be expressed in a variety of tissue and
cell lines (Brasaemle et al, 1997; Heid et al, 1998). ADRP localizes
in lipid droplets, playing a role in the management of neutral li-
pid stores, both in deposition and mobilization.
Most mammalian cells pack neutral lipid into spherical dro-
plets that are composed of a core of triacylglycerol and cholesterol
esters (neutral lipids) surrounded by a monolayer of phospholi-
pids and by a speci¢c set of proteins, including ADRP, TIP47,
caveolins, and perilipins. The presence of the perilipins is re-
stricted to adipocytes and steroidogenic cells (Londos et al, 1999;
Brown, 2001; Miura et al, 2002). Stored neutral lipids include tria-
cylglycerols and cholesterol esters. Intracellular neutral lipid sto-
rage droplets are essential cytosolic organelles of eukaryotic cells,
used mainly as an energy source and for membrane biogenesis.
Lipid droplets provide fatty acids for signaling/gene regulation,
fatty acids and glycerides for membrane phospholipid synthesis,
as well as fatty acids to produce energy. The number of lipid dro-
plets is largely determined by the composition of the culture
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medium; supplementation with free fatty acids or lipoproteins
dramatically increases their number (De La Llera et al, 1979). The
use of neutral lipids from lipid droplets is regulated by extracel-
lular hormones, cytokines, and neurotransmitters, and by intra-
cellular mechanisms that signal the need for energy or building
materials for membrane synthesis (Londos et al, 1999; Brown,
2001).
The presence of neutral lipid droplets in keratinocytes has been
occasionally described following ultrastructural examination
both in physiologic and pathologic conditions (Elias, 1981; John-
son et al, 1987; Grubauer et al, 1989; El-Shoura and Tallab, 1997). In
physiologic conditions, lipids are synthesized by keratinocytes
and exported to the intercellular space to form the skin perme-
ability barrier. Lipids in the stratum corneum play a signi¢cant
role in the permeability barrier and in the water-holding proper-
ties of the skin, and changes in the lipid composition are asso-
ciated with di¡erent skin symptoms, including scaly eczematous
skin (Hansen et al, 1987). In contrast, the presence of numerous
lipid droplets in the horny cells is a marker of abnormal keratini-
zation and/or of a hyperproliferative e¡ect. Lipid droplet accumu-
lation has also been described in healthy and psoriatic human
skin following treatment with dithranol (Kanerva, 1990). After
treatment with minimum to moderate irritant concentrations of
dithranol, high numbers of lipid droplets developed in all skin
cells, including basal keratinocytes and keratinocytes at the stra-
tum granulosumstratum corneum interface. Furthermore, accu-
mulation of neutral lipids in keratinocytes has been described
following topical application of lovastatin and £uindostatin,
HMG-CoA reductase inhibitors (Williams et al, 1992), and fol-
lowing ultraviolet B irradiation and retinoic acid treatment of
hairless mice (Feldman et al, 1991).
Exposure of normal skin to organic solvents or detergents re-
moves lipids, a¡ects the barrier integrity, and often induces irri-
tant contact dermatitis (Grubauer et al, 1989; Imokawa et al, 1989).
The disruption of the barrier function by lipid extraction is fol-
lowed by a burst of epidermal lipid synthesis, including unsapo-
ni¢able lipids, fatty acids, and sphingolipids, in order to restore
their normal level and barrier functions (Menon et al, 1985; Gru-
bauer et al, 1989; Holleran et al, 1991).
The purpose of this study was to conduct molecular mechan-
istic investigations aimed at characterizing sodium dodecyl sulfate
(SDS) induced ADRP expression in keratinocytes, at identifying
the biochemical events that lead to ADRP expression, and ¢nally,
at understanding the function of ADRP in the process of skin
irritation. This is the ¢rst report of the regulation of ADRP ex-
pression in human keratinocytes by skin irritants, of its in vivo
induction, and of its protective role in SDS-induced cytotoxicity.
MATERIALS AND METHODS
Chemicals 1,2-bis(2-aminophenoxyethane-N,N,N0,N0-tetraacetic acid
acetoxymethyl ester (BAPTA), benzalkonium chloride, Nile Red (9-
diethylamino-5H-benzophenoxazine-5-one), 12-O-tetradecanoylphorbol
13-acetate (TPA), sodium dodecyl sulfate (SDS), and tributyltin were
obtained from Sigma (St Louis, MO). GF109203X was from Tocris
(Bristol, UK). Antibody against human £uorescein isothiocyanate (FITC)
conjugated ADRP was obtained from Research Diagnostic (Flanders, NJ),
a⁄nity-puri¢ed rabbit anti-ADRP was kindly provided by Professor
Ginette Serrero, and antibody against b-actin was from Sigma.
Electrophoresis reagents were from Bio-Rad (Richmond, CA). All
reagents were purchased at the highest purity available.
Cells and experimental procedures The human epidermal cell line
NCTC 2544 (ICN Flow, Irvine, UK) was cultured in RPMI 1640
(Sigma) containing 2 mM L-glutamine, 0.1 mg per ml streptomycin, and
100 IU per ml penicillin (medium), and supplemented with 10% fetal
bovine serum (FBS, Sigma), at 371C in 5% CO2. For the majority of
experiments, cells were cultured to con£uence in 12-well plates.
Con£uent monolayers contained approximately 2  106 cells. Then, cells
were incubated for di¡erent times in the presence or absence of SDS or
other irritants in 0.56 ml of medium supplemented with 1% FBS, as
indicated in the ¢gure legends. To assess the role of cell density in ADRP
expression and lipid accumulation, cells were seeded at di¡erent densities
(0.5  106^2  106 per well) and, following overnight incubation in
medium supplemented with 1% FBS to permit adherence, were treated in
the presence or absence of SDS (15 mg per ml) for 18 h.
To assess the involvement of protein kinase C, cells were treated for 30
min with the speci¢c protein kinase C inhibitor GF109203X (2.5 mM) in
medium supplemented with 1% FBS, and then exposed to SDS for 18 h.
To characterize the role of calcium, cells were incubated with the calcium
chelator BAPTA (30 mM) for 30 min in medium supplemented with 1%
FBS; monolayers were then washed once and cells were cultured with SDS
for 18 h.
To understand the function of ADRP and lipid accumulation in the
process of SDS-induced cell damage, cells were treated for 24 h with a
speci¢c antisense oligonucleotide to ADRP (5 mM) or with its sense as
control. Then cells were treated in the presence or absence of increasing
concentrations of SDS (0^30 mg per ml), for 18 h. A 20 base antisense
oligonucleotide (Primm, Milan, Italy) corresponding to nucleotides 31^50
in the human ADRP sequence was utilized: 50 -ACCACCCGAGTCACC-
ACACT-30. The sense complementary oligonucleotide was used as control.
Both oligonucleotides contained phosphorothioate linkages to limit
degradation. The transfection procedure was performed as previously
described (Corsini et al, 2001).
Fluorescence microscopy Lipid droplet accumulation and ADRP
expression were analyzed using, respectively, Nile Red and antihuman
ADRP antibody. Nile Red is an excellent vital stain for the detection of
intracellular lipid droplets by £uorescence microscopy and £ow cytometry
(Greenspan et al, 1985). After treatment, monolayers were washed twice
with phosphate-bu¡ered saline (PBS); cells were trypsinized, ¢xed in 2%
formaldehyde for 20 min at room temperature, washed once with PBS, and
stained with Nile Red in PBS for 10 min. Nile Red was dissolved in
ethanol at 1 mg per ml and then added to PBS to the ¢nal concentration
of 10 mg per ml. After washing with PBS, cells were resuspended in 0.5 ml
of PBS and a cytospin using 50 mL was done. For ADRP staining, cells
were ¢xed and permeabilized after trypsinization using Leucoperm,
following the supplier’s instructions (Serotec, Oxford, UK). Cells were
stained for 30 min at room temperature with 1:10 diluted FITC-
conjugated antihuman ADRP. After washing with PBS, cells were
resuspended in 0.5 ml of PBS and a cytospin of 50 mL was performed. In
both cases, coverslips were mounted on glass slides using Perma£uor
(Lipshaw Immunon, Pittsburgh, PA), and cells were observed under
a Zeiss £uorescence microscope equipped with a camera (Zeiss,
Thornwood, NY).
Fluorescence-activated cell sorter (FACS) analysis Cells were
stained as described above. The mean £uorescence of 10,000 events of
Nile-Red-stained cells was measured in the FL2 channel set for log scale,
whereas the percentage and mean £uorescence of ADRP-stained cells was
measured in the FL1 channel set for log scale, using FACScan £ow
cytometry (Becton Dickinson, Italy).
Triacylglycerols and cholesterol determination Triacylglycerols and
total cholesterol were assessed in cell homogenates using a commercially
available enzymatic assay (Sigma). Results are expressed as microgram of
lipid per milligram of cellular protein.
Radiolabeled 14C-oleate and 14C-acetic acid incorporation Con£uent
cells in six-well plates were incubated in 0.8 ml of culture medium
supplemented with 1% FBS, 6  105 cpm of 14C-oleate bound to bovine
serum albumin (Bernini et al, 1997) or 10 mCi 14C-acetic acid (58 mCi per
mmol, Amersham) in the presence or absence of SDS (15 mg per ml) for 18
h. The distribution of labeled oleate or acetate in intracellular lipids was
examined after incubation. Cells from triplicate samples were washed and
scraped o¡ the culture dishes, and neutral lipids were extracted from cells
resuspended in 2 ml of PBS with 10 ml of chloroform:methanol (2:1 by
volume) (Folch et al, 1957). Extracted lipids were resuspended in 25 mL of
chloroform:methanol and separated by thin layer chromatography on a
silica gel G plate using as eluent hexane:ether:acetic acid (70:30:0.1 by
volume). Lipid spots were revealed by exposure to iodine vapors and were
immediately removed with a razor blade into scintillation vials to determine
radioactivity incorporated into intracellular lipids.
Lactate dehydrogenase (LDH) LDH leakage, as indicator of cell
viability and membrane integrity, was determined in the culture medium
using a commercially available kit (Sigma). Results are expressed in U per
liter. The EC50, i.e., the concentration of SDS able to induce the release of
50% of total cell LDH content, was assessed by linear regression analysis of
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data.Total LDH content was assessed in cells lyzed in 0.5% Triton X-100 in
PBS.
Western blot analysis For ADRP and b-actin expression approximately
2  106 cells were removed from the culture dishes, lyzed in
homogenization bu¡er (50 mM Tris, 150 mM NaCl, 5 mM
ethylenediamine tetraacetic acid pH 7.5, 0.5% Triton X-100, 50 mM
phenylmethylsulfonyl chloride, 2 mg per ml aprotinin, 1 mg per ml
pepstatin, and 1 mg per ml leupeptin) and denatured in Laemmli sample
bu¡er for 10 min at 100 1C. The protein content of the cell lysate was
determined using a commercial kit (protein assay kit, Bio-Rad). The cell
lysates (20 mg per lane) were electrophoresed into a 12% SDS-
polyacrylamide gel under reducing conditions. The proteins were then
transferred to polyvinylidene £uoride membrane (Amersham, Little
Chalfont, UK). After blocking with 5% nonfat milk for 1 h, the di¡erent
proteins were visualized using anti-ADRP (1:4000) and anti-b-actin
(1:5000) as primary antibodies, and developed using enhanced
chemiluminescence (Amersham, UK). The image of the immunoblotting
was acquired with a Nikon CCD video camera module. Optical density of
the bands was calculated and analyzed by means of an Image 1.47 program
for digital image processing (Wayne Rasband, Research Service Branch,
NIMH, NIH, Bethesda, MD).
RT-PCR For determination of ADRP mRNA levels, semiquantitative
RT-PCR was performed as previously described (Corsini et al, 1999).
Brie£y, con£uent cells cultured in six-well plates were treated with
increasing concentrations of SDS (0^30 mg per ml) in 1.4 ml of medium
supplemented with 1% FBS for 18 h. Monolayers were washed once with
PBS and cells were lyzed in 1 ml of Triazol (Invitrogen, Carlsbad, CA).
Total RNA was extracted following the supplier’s instructions. PCR
primers for ADRP and glyceraldehyde-6-phosphate dehydrogenase
(GAPDH) were synthesized by Primm and contained the following
sequences: ADRP sense, 50 -AGCTGTTGGTAGAACAGTAC-30; ADRP
antisense, 50 -AGATGTCGCCTGCCATCACC-30; GAPDH sense, 50 -
CCACCCATGGCAAATTCCATGGCA-30; GAPDH antisense, 50 -
TCTAGACGGCAGGTCAGGTCCACC-30. The ampli¢ed PCR products
are 510 bp for ADRP and 600 bp for GAPDH. In preliminary
experiments, RNA concentrations and PCR cycles were titrated to
establish curves to document linearity and to permit semiquantitative
analysis of signal strength (1 ng for ADRP and 4 ng for GAPDH). The
PCR was conducted using a Perkin Elmer thermocycler, with the
following conditions: 28 cycles of denaturation at 951C for 30 s,
annealing at 601C for 30 s, extension at 721C for 30 s, followed by a ¢nal
7 min extension at 721C. Gels were photographed with type 55 ¢lm
(Polaroid, Cambridge, MA).
Determination of cytosolic free Ca2þ concentration Cells grown
on a glass coverslip were treated in the presence or absence of BAPTA (30
mM) for 30 min, washed, and incubated for 3 h with SDS (25 mg per ml).
During the last 30 min of incubation cells were loaded with 10 mM
FURA2-AM (Sigma). At the end of the incubation, cells were washed
twice and cytosolic calcium was measured in Hanks’ balanced salt
solution by the intensity of the £uorescence emission at 505 nm upon
excitation at 340^380 nm in a Perkin Elmer LS 50 B double wavelength
spectro£uorimeter. The FURA2 £uorescence signal was calibrated in
terms of [Ca2þ]i as described by Grynkiewicz et al (1985).
Animal exposure Groups of four female BALB/c mice 9^12 wk old
(Charles River, Calco, Italy) were treated with 10 mL of 10% SDS diluted
in dimethylformamide (DMF) on the dorsal side of each ear or an equal
volume of DMF alone. Eighteen hours after treatment, mice were
sacri¢ced, the increase in ear thickness was measured with a micrometer,
and the ear was removed. A skin homogenate for the determination of
ADRP content of whole ear was prepared as previously described
(Corsini et al, 1997b). Brie£y, biopsies were chopped ¢nely on ice, added
to 0.6 ml of PBS, and snap frozen in liquid nitrogen. Samples were then
sonicated for 15 s (50 Hz), and supernatants were collected by
centrifugation (13,000g for 5 min), denatured in Laemmli sample bu¡er,
and stored at approximately 201C. The protein content of the skin
homogenate was determined using a commercial kit (protein assay kit,
Bio-Rad). ADPR expression was evaluated by western blot analysis as
described above.
Statistical analysis All experiments were performed at least three times,
with representative results shown. The data presented are expressed as
mean7SD. Statistical signi¢cance was determined by Dunnett’s multiple
comparison test, after ANOVA. Di¡erences were considered signi¢cant
for po0.05.
RESULTS
Characterization of SDS-induced ADRP expression and
lipid droplet accumulation The human keratinocyte cell line
NCTC 2544 was used throughout the study. As shown in Fig
1(A), SDS induced a concentration-related upregulation of
ADRP mRNA, as assessed by semiquantitative RT-PCR
analysis, con¢rming results obtained in primary human
keratinocytes (Corsini et al, 2002).
We then evaluated ADRP expression at the protein level. As
shown in Fig 1(B), SDS treatment (15 mg per ml for 18 h) was
associated with an increase in ADRP protein, as assessed by
western blot analysis of ADRP immunoreactivity in cell
homogenates. Furthermore, Fig 1(C) shows the distribution of
ADRP in normal and SDS-treated cells, by immuno-
histochemical analysis. Untreated controls display few positive
cells, whereas in SDS-treated cells an increase in ADRP staining
pattern of small spots is observed. To better quantify SDS-
induced ADRP expression, the percentage of ADRP-positive
cells was assessed by FACS analysis (Fig 1D). SDS induced a
dose-related increase in ADRP-positive cells. At a concentration
of 15 mg per ml, more then 75% of cells were ADRP positive
(po0.01). In the inset of Fig 1(D), a representative histogram of
the £uorescence intensity following ADRP staining and FACS
analysis is shown: SDS treatment induces a shift to the right,
indicating increased staining related to increased ADRP
expression.
As the protein levels of ADRP re£ect the mass of stored
neutral lipid, i.e., the amount of lipid available, essential for
determining the amount of the encoded proteins (Brasaemle
et al, 1997), we examined neutral lipid accumulation in NCTC
cells following SDS treatment. As for ADRP staining, control
untreated cells contain few lipid droplets. Following treatment
with SDS (15 mg per ml) a dramatic increase in the number of
intracellular lipid droplets was observed as assessed by Nile Red
staining (Fig 2A). Lipid storage droplets are indicated by bright
punctate structures arrayed singly and in small clusters. Relatively
to their lipid composition, following SDS treatment a
concentration-dependent accumulation of triacylglycerols was
found (Fig 2B), reaching a plateau at 15 mg per ml, whereas no
change in total cholesterol was observed (Fig 2B, inset).
To better determine lipid droplet accumulation, the mean
£uorescence of Nile-Red-stained cells was quanti¢ed by FACS
analysis. As shown in Fig 3(A), SDS induced a bell-shaped
curve for accumulation of lipid droplets: a concentration-related
increase was observed between 5 and 15 mg per ml of SDS,
declining thereafter similarly to the ADRP level (Fig 1D).
Concurrently, a concentration of SDS higher than 15 mg per ml
induced a statistically signi¢cant increase in the release of LDH,
which is indicative of membrane damage and cell death (Fig 3A).
In time course experiments (Fig 3B), a statistically signi¢cant
increase in SDS-induced lipid droplet accumulation was
observed after 6 h of treatment, reaching a plateau between 12
and 18 h. Longer incubation times were associated with
increased cytotoxicity and decreased lipid accumulation (data
not shown). In the inset of Fig 3(B), a representative histogram
of the £uorescence intensity following Nile Red staining and
FACS analysis is shown. SDS treatment induced a shift to the
right, indicating increased staining related to increased lipid
droplet accumulation. A similar pattern of expression was also
observed for ADRP (Fig 3C).
SDS-induced lipid droplet accumulation and ADRP
expression were independent of cell density. As shown in
Table I, a similar increase both in the percentage of ADRP-
positive cells and Nile Red £uorescence was observed.
We next investigated the source of accumulated lipids.
Diacylglycerol and triacylglycerol neosynthesis, assessed by both
14C-oleate and 14C-acetic acid incorporation, was not a¡ected by
SDS treatment (Table II), suggesting that lipid redistribution
rather than lipid neosynthesis was responsible for SDS-induced
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lipid droplet accumulation. SDS-induced lipid droplet
accumulation was not due to extracellular lipid internalization,
as demonstrated by a similar increase in Nile Red £uorescence
in cells cultured in the absence of FBS or in the presence of
delipidated serum (Table III). These data, together with the
similar 14C-oleate and 14C-acetic acid incorporations, are
indicative of intracellular redistribution of lipids, probably from
SDS-damaged membranes.
Lipid droplet accumulation was not exclusive to SDS exposure.
Other skin irritants showed a similar e¡ect. As shown in Fig
4(A), (B), benzalkonium chloride, tributyltin, and TPA induced
lipid droplet accumulation, as assessed both by immuno-
histochemistry and FACS analysis.
Role of protein kinases and calcium in SDS-induced ADRP
expression We next examined the signal transduction involved
in SDS-induced lipid droplet accumulation. Several putative
transcription factor binding sites have been identi¢ed within the
50 £anking region of mouse ADRP, and include CAAT box, SP-
1, AP-2, NF-1, c-myc, Pax-2, two TRE half sites, and a close
match to EGR-1 andWT1 (Eisinger and Serrero, 1993). AP-2, in
particular, can mediate the e¡ects of cAMP and phorbol esters,
the latter being a potent inducer of lipid droplet accumulation as
shown in Fig 4. This led us to investigate the role of protein
kinase C in SDS-induced lipid accumulation. As shown in
Table IV, GF109203X, a selective inhibitor of protein kinase C,
failed to modulate SDS-induced lipid droplet accumulation
but completely prevented TPA-induced lipid accumulation,
indicating that SDS-induced lipid accumulation is independent
of protein kinase C activation. In contrast, the calcium chelator
BAPTA, at a concentration that completely prevents an SDS-
induced intracellular calcium increase (the intracellular con-
centrations of calcium were 4478 nM in control cells
treated with BAPTA and 47713 nM in the cells treated with
BAPTA and SDS), completely modulated SDS-induced lipid
accumulation and ADRP expression, suggesting an involvement
of calcium mobilization in ADRP expression and lipid droplet
accumulation. Under our experimental conditions, SDS induced
Figure1. SDS increases ADRP expression at both the mRNA and
protein levels in the human keratinocyte cell line NCTC. Con£uent
cells were treated in the presence or absence of increasing concentrations of
SDS for 18 h. (A) ADRP mRNA expression was assessed by semiquanti-
tative RT-PCR analysis. (B) Western blot analysis of ADPR immunoreac-
tivity in cell homogenates of NCTC cells treated in the presence or absence
of SDS 15 mg per ml. b-actin immunoreactivity was used to control gel
loading. In each lane, 20 mg of protein were loaded. (C) Immuno£uores-
cent localization of ADRP. Cells were treated in the presence or absence of
SDS 15 mg per ml; cells were trypsinized, ¢xed, and lyzed using Leuco-
perm followed by incubation with antihuman FITC-conjugated ADRP
antibody for 30 min at room temperature, as described in Materials and
Methods. Cells were observed under a £uorescence microscope equipped
with a camera. (D) Flow cytometric analysis of ADRP-positive cells. Re-
sults are expressed as percentage of positive cells. Each value represents the
mean7SD of three independent samples. *po0.05 and **po0.01 versus
control cells (0 mg per ml). In the inset, representative histograms of un-
stained control (0 mg per ml) and stained (0 and 15 mg per ml SDS) cells
are reported.
Figure 2. SDS induces a concentration-related neutral lipid accu-
mulation. Con£uent cells were treated in the presence or absence of in-
creasing concentrations of SDS (0^30 mg per ml) for 18 h. (A)
Fluorescence of NCTC cells stained with Nile Red to detect neutral lipid.
Lipid storage droplets are indicated by bright punctate structures arrayed
singly and in small clusters. (B) SDS induces a concentration-dependent
increase in triglycerides, whereas no statistically signi¢cant increase in total
cholesterol content was detected (inset). Results are expressed in mg per mg
cellular protein. Each value represents the mean7SD of three independent
samples. *po0.05 and **po0.01 versus control cells (0 mg per ml).
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a statistically signi¢cant rise in intracellular calcium
concentration: from 63717 nM in the control cells to 104718
nM in SDS-treated cells (po0.05).
Protective role of ADRP in SDS-induced cellular
damage In order to understand the role of ADRP in SDS
toxicity, the following strategy was followed. A speci¢c
antisense oligonucleotide was designed in order to prevent
ADRP translation. Cells were treated with the antisense
oligonucleotide (5 mM) or the sense oligonucleotide as control
for 24 h, and then increasing concentrations of SDS were added
for a further 18 h. As shown in Fig 5, under experimental
conditions where ADRP expression was inhibited (Fig 5, inset),
SDS cytotoxicity was exacerbated, indicating a protective role of
ADRP. The EC50 values of SDS cytotoxicity extrapolated from
the curves obtained by linear regression analysis of the data
(coe⁄cient of correlation¼ 0.898 for both groups) were,
respectively, 7479 mg per ml in the sense group and 4876 mg
per ml in the antisense group (n¼ 3 independent experiments,
pp0.05). The percentage di¡erence in SDS-induced LDH
leakage between the sense and antisense groups was 31%78%,
calculated from the average increase in LDH leakage following
treatment with SDS 15^30 mg per ml in the antisense group.
This value is consistent with the decrease of 35% in the
calculated EC50 value. It is interesting to note that treatment
with ADRP antisense oligonucleotide, although preventing
SDS-induced ADRP expression, did not modulate SDS-
induced triacylglycerol accumulation: a similar increase was
detected (268%728% vs 232%722% in SDS sense and
antisense treated cells, respectively), indicating that ADRP
merely re£ects increased lipid accumulation. This is consistent
with the observation that the amount of lipids available is
essential to determine the amount of the encoded ADRP
protein (Brasaemle et al, 1997).
Adrp expression was induced also in vivo To address the
question whether the in vitro model represents irritation, an
experimental model of skin irritation was used. BALB/c mice
were topically treated with 10% SDS or with DMF as vehicle
Figure 3. SDS induces a concentration- and time-related lipid dro-
plet accumulation. (A) Dose^response of Nile Red £uorescence (closed
squares) and LDH leakage (open squares) as a measure of cytotoxicity. Con-
£uent cells were treated with increasing concentrations of SDS (0^30 mg
per ml) for 18 h. Lipid droplet accumulation was quanti¢ed by FACS ana-
lysis as described in Materials and Methods, whereas LDH leakage in culture
supernatants was assessed using a commercially available kit. The total cel-
lular LDH is 7807163 U per liter. Results are expressed as mean £uores-
cence for lipid droplet accumulation and U per liter for LDH leakage. Each
value represents the mean7SD of three independent samples. *po0.05
and **po0.01 versus control cells (0 mg per ml). (B) Time course. Con£uent
cells were treated in the presence or absence of SDS 15 mg per ml for dif-
ferent times (3^18 h). Lipid droplet accumulation was quanti¢ed by FACS
analysis. In the inset, representative histograms of unstained control (0 mg
per ml) and stained (0 and 15 mg per ml SDS) cells are reported. Results
are expressed as percentage of control. Each value represents the mean7
SD of three independent samples. *po0.05 and **po0.01 versus control
cells (0 mg per ml). (C) Western blot analysis of ADPR immunoreactivity
in cell homogenates of NCTC cells treated for di¡erent times with SDS 15
mg per ml. b-actin immunoreactivity was used to control gel loading. In
each lane, 20 mg of protein were loaded.
Table I. SDS-induced ADRP and lipid droplet accumulation
is independent of cell densitya
Cell density
ADRP
(% positive cells)
Nile Red
(mean £uorescence)
0:5106
Control 31718 104879
SDS 15 mg per ml 7872nn 1624720nn
1106
Control 24714 1048716
SDS 15 mg per ml 7173nn 1665727nn
2106 ðconfluentÞ
Control 1372 983715
SDS 15 mg per ml 7476nn 1637723nn
aTo assess the role of cell density in ADRP expression and lipid accumulation,
cells were seeded at di¡erent densities (0.5106^2106 per well) and, following
overnight incubation in medium supplemented with 1% FBS to permit adher-
ence, were treated in the presence or absence of SDS (15 mg per ml) for 18 h. The
percentage of ADRP-positive cells and Nile Red £uorescence, as a measure of
neutral lipid accumulation, were assessed by FACS analysis. Each value represents
the mean7SD, n¼ 3, with **po0.01 versus relative control.
Table II. SDS-induced lipid droplet accumulation is not due
to lipid neosynthesisa
Lipid
neosynthesis
Control
(cpm)
SDS 15 mg per ml
(cpm)
14C-oleate incorporation
Cholesterol 401776 437770
Triacylglycerol 1580472994 1861971633
Diacylglycerol 29127546 32097665
12C-acetic acid incorporation
Cholesterol 3292272232 2734271395
Triacylglycerol 11520078640 10584075400
Diacylglycerol 2144071608 1969871005
aCon£uent cells (2106 cells) were incubated in the presence or absence of
SDS in culture medium containing 1% FBS and 6105 cpm of 14C-oleate bound
to bovine serum albumin or 10 mCi 14C-acetic acid for 18 h. Lipids were extracted
as described in Materials and Methods. Lipid neosynthesis is expressed as cpm of
14C-oleate incorporation into intracellular lipids. Each value represents the
mean7SD, n¼ 3.
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control, and 18 h after treatment skin thickness and ADRP
immunoreactivity in skin homogenates were assessed. As shown
in Fig 6, under experimental conditions where SDS induced a
20% increase in ear skin thickness, due to edema formation (Fig
6B), a statistically signi¢cant increase in ADRP immuno-
reactivity was observed as well, indicating that SDS induces
ADRP expression both in vitro and in vivo.
DISCUSSION
The purpose of this study was to characterize SDS-induced
ADRP expression in keratinocytes and to understand its function
in the process of skin irritation. We demonstrated for the ¢rst
time ADRP expression in human keratinocytes both at mRNA
and protein level, its upregulation by skin irritants, and its protec-
tive role in SDS-induced cell damage. ADRP expression was also
induced in vivo in an experimental model of skin irritation, con-
¢rming the relevance of the in vitro model of irritancy.
Skin irritation is a multifaceted disease, resulting from expo-
sure to chemical stimuli (Levin and Maibach, 2002). Irritancy
is the clinical result of su⁄cient in£ammation arising from
release of proin£ammatory cytokines from skin cells (mainly ker-
atinocytes). The exact mechanisms of irritant action are not fully
understood. The main interlinked pathophysiologic changes seen
in contact dermatitis are skin barrier disruption, epidermal cellu-
lar and functional changes, and cytokine release (Linsby and
Baadsgard, 2001; Smith et al, 2002). In an attempt to further
investigate the mechanistic bases of human skin irritation re-
sponse, we have recently identi¢ed, by di¡erential display PCR,
Figure 4. Lipid droplet accumulation induced by other skin irritants. Con£uent cells were treated with di¡erent skin irritants, namely benzalkonium
chloride, tributyltin, and TPA, for 18 h (5 mg/ml, 0.5 mm, and 1.0 nM, respectively). (A) Fluorescence of NCTC cells stained with Nile Red to detect neutral
lipid. Lipid storage droplets are indicated by bright punctate structures arrayed singly and in small clusters; all skin irritants induced lipid droplet accumula-
tion. (B) Lipid droplet accumulation was quanti¢ed by FACS analysis as described in Materials and Methods. Results are expressed as mean £uorescence. The
inset represents the LDH leakage following treatment with the di¡erent skin irritants. Each value represents the mean7SD of three independent samples.
**po0.01 versus control cells.
Table III. SDS-induced lipid droplet accumulation is inde-
pendent of the presence of FBS in culture mediuma
Culture condition
Nile Red £uoresence
(% of relative control)
1% FBS 15674nn
1% delipidated FBS 15973nn
No FBS 14774nn
aTo assess the role of extracellular lipid in SDS-induced lipid droplet accumula-
tion, medium supplemented with charcoal-stripped bovine serum (Sigma) or med-
ium without FBS was used. Con£uent cells were treated with SDS (15 mg per ml)
in culture medium with or without 1% FBS or with 1% delipidated FBS for 18 h.
Neutral lipid droplet accumulation was assessed by measuring Nile Red £uores-
cence by FACS analysis. Results are expressed as percentage of relative control. Each
value represents the mean7SD, n¼ 3, with **po0.01 versus relative control.
Table IV. E¡ect of protein kinase C inhibitor and calcium
chelator on lipid accumulationa
Treatment
ADRP (% of
relative control)
Nile Red (% of
relative control)
TPA (1 nM) 430763nn 13575nn
TPA7GF109203X (2.5 mM) 96714y 10374y
SDS (15 mg per ml) 329738nn 14474nn
SDS7GF109203X 418754nn 13974nn
SDS7BAPTA (30 mM) 117718y 11078y
aCon£uent cells were treated for 30 min with GF109203X or BAPTA and then
SDS or TPAwas added for 18 h as described in Materials and Methods. Each value
represents the mean7SD, n¼ 3, with **po0.01 versus relative control cells and
ypo0.01 versus cells treated with SDS or TPA alone.
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the upregulation of ADRP in human keratinocytes by skin irri-
tants (Corsini et al, 2002). ADRP is a lipid-storage-droplet-
associated protein, governing the deposition and release of lipids
from cytosolic droplets. Lipid droplets may provide fatty acids for
signaling/gene regulation, fatty acids and glycerides for mem-
brane phospholipid synthesis, as well as fatty acids to produce
energy.
In particular, we have characterized here SDS-induced ADRP
expression. Treatment with SDS resulted in a concentration- and
time-related upregulation of ADRP and lipid droplet accumula-
tion. ADRP appearance correlated with lipid droplet accumula-
tion. Its induction is an early cellular change related to membrane
perturbation. It precedes SDS-induced cell damage, and it is
likely to represent a defense mechanism, as indicated by increased
cytotoxicity when its expression is prevented. Every time an irri-
tant perturbs membrane barrier and renders the membrane leaky
(as indicated by LDH leakage), lipid droplets are accumulated to
help restore normal homeostasis and to repair membrane. Inter-
ference with the signal transduction pathway that leads to ADRP
expression, by means of BAPTA or ADRP antisense oligonu-
cleotide, resulted in an exacerbation of SDS-induced cytotoxicity,
indicating a protective role of ADRP. In contrast, SDS-induced
ADRP expression seems not to be related to proin£ammatory
cytokine release, such as interleukin-1a. SDS can indeed induce
a concentration-related release of interleukin-1a in keratinocytes,
and also in the NCTC cell line, but the addition of a neutralizing
antibody against interleukin-1a failed to modulate SDS-induced
ADRP and lipid accumulation, excluding a role of this cytokine
(data not shown).
The following scenario can be proposed. The surfactant e¡ect
of SDS damages lipid bilayers of cell membranes, rendering them
leaky and allowing the entrance of extracellular calcium and acti-
vation of gene expression, including ADRP. Lipids deriving
from damaged membrane are then reorganized into lipid droplets
byADRP and eventually reused to repair membrane. In parallel,
disruption of the cell membrane leads to the release of proin£am-
matory cytokines, such as interleukin-1a, which in turn acting in
an autocrine manner may induce release of tumor necrosis factor
a, interleukin-8, and other in£ammatory mediators, resulting in
skin irritation.
We also demonstrated that other skin irritants, namely ben-
zalkonium chloride, tributyltin, and TPA, induce lipid droplet
accumulation, indicating a common e¡ect of irritants. It is likely,
however, that di¡erent mechanisms are involved in the induction
of ADRP by these various agents.We demonstrated that TPA-in-
duced lipid accumulation is directly related to protein kinase C
activation. Protein kinase C has been previously demonstrated to
be involved in the regulation of ADRP and lipid droplet meta-
bolism in lipid-laden macrophages (Chen et al, 2001). We could
exclude a role of protein kinase C activation in SDS-induced
ADRP expression, however, as the selective inhibitor of protein
kinase C had no e¡ect. Furthermore, no activation of protein ki-
nase C could be demonstrated under our experimental conditions
(data not shown). Concerning benzalkonium chloride and tribu-
tyltin, a role of calcium can probably be postulated for the latter.
We have indeed previously demonstrated the ability of tributyltin
to trigger release of calcium ions in murine keratinocytes (Corsi-
Figure 5. ADRP antisense oligonucleotide increases SDS-induced
cytotoxicity. Con£uent cells were treated with ADRP antisense oligonu-
cleotide (5 mM) or ADRP sense oligonucleotide as control for 24 h and
then in the presence or absence of SDS for 18 h. Cytotoxicity was assessed
by measuring LDH leakage in culture medium. Results are expressed in U
per liter. Each value represents the mean7SD of three independent sam-
ples. *po0.05 and **po0.01 versus relative control cells; yo0.05 and
yyo0.01 versus SDS-sense-treated cells. The £ow cytometric analysis of
ADRP-positive cells is reported in the inset. Results are expressed as mean
£uorescence of positive cells. Each value represents the mean7SD of three
independent samples. nnpo0.01 versus control and yyo0.01 versus SDS sense.
Figure 6. SDS induces ADRP expression also
in vivo. Groups of four mice were treated with
10% SDS in DMF or DMF as vehicle control on
the dorsal side of each ear. Animals were termi-
nated 18 h later, and ADRP expression in skin
homogenate and ear skin thickness were mea-
sured. (A) Representative Western blot and rela-
tive densitometric analysis of ADRP immuno-
reactivity in skin homogenate. b-actin immunor-
eactivity was used to control gel loading and to
normalize ADRP expression. In each lane, 20 mg
of protein were loaded. (B) Skin thickness mea-
sured 24 h after SDS or its vehicle application.
Each value represents the mean7SD of three de-
terminations. *po0.05 versus DMF-treated mice.
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ni et al, 1997b). Furthermore, we have preliminary evidence of the
ability of BAPTA to modulate ADRP induction and lipid dro-
plet accumulation following both benzalkonium chloride and
tributyltin treatment. In the context of lipid droplet formation,
we are currently investigating the intracellular pathway that,
from calcium in£ux, leads to induction of ADRP transcription.
In conclusion, we have characterized the expression of ADRP,
a gene upregulated in response to skin irritants, in human kerati-
nocytes, and its induction in vivo as well.We demonstrated that it
has a protective role as indicated by increased leakage of intracel-
lular component (i.e., LDH) when its induction is prevented.
This work provides a new insight into the molecular events in-
volved in the skin irritation response. Our results suggest that
every time a skin irritant perturbs membrane barrier and renders
the membrane leaky, lipid droplets accumulate to help restoration
of normal homeostasis and to repair membrane. Therefore,
ADRP expression is induced to recover functional cell mem-
brane.
This work was partially supported by FIRST funds from the University of Milan, by
the Center for Toxicological Risk Assessment of the University of Milan, and by
UNIPRO.
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